Introduction: Treatment options and therapeutic guidelines have evolved substantially since highly active antiretroviral treatment (HAART) became the standard of HIV care in 1996. We conducted the present population-based analysis to characterize the determinants of direct costs of HAART over time in British Columbia, Canada.
H IV treatment has evolved substantially since the introduction of highly active antiretroviral therapy (HAART) in 1996. 1 HAART stops HIV replication on a sustained basis. As a result, plasma HIV-1 RNA concentrations [henceforth plasma viral load (pVL)] reach undetectable levels within a matter of weeks in the vast majority of adherent patients. 2 This allows for immune reconstitution to take place, leading to long-term disease remission and deferral of the otherwise rapid fatal course. 3, 4 The introduction of HAART has had a dramatic effect on the HIV/AIDS epidemic. By 2006, at least 3 million years of life had been saved in the United States as a direct result of HAART within a decade. 5 In high-income countries, life expectancy for HIV-positive individuals aged 20 years and receiving HAART is now roughly two thirds of that of the general population. 6 There has been a marked evolution in the clinical treatment guidelines, as well as a substantial expansion in the number of antiretroviral agents available since 1996. The 1996 IAS-USA guidelines recommended HAART for those with CD4 cell counts below 500 cells/mm 3 . 1 By 2000, because of the emerging concerns regarding the adverse effects, longterm adherence, and drug resistance the trend was to delay treatment initiation. 7 By 2004, new drugs, and drug classes started to emerge, which both improved the safety and tolerability of the regimens, enhanced long-term adherence, and remarkably facilitated the ability to treat drug-resistant HIV. This coupled with a better understanding of the inflammatory consequences of untreated HIV infection led the emerging IAS-USA guidelines to recommend earlier initiation of HAART, [8] [9] [10] [11] a trend that has been confirmed in the most recent iteration of the guidelines. 2 As a result, there is substantial variation in the costs of drug treatment between clients over time. The variance and distribution of combination antiretroviral therapy regimens used at the population level at any given time point is thus highly heterogenous and may be influenced by the temporal phase of antiretroviral initiation and stage of disease progression, among other factors. 12 Evidence for the secondary preventive effect of HAART on HIV transmission [13] [14] [15] [16] has spawned efforts to scale-up HIV treatment programs globally. 17 A key challenge faced by these efforts is the substantial costs of scaleup, largely tied to the costs of antiretroviral medications. We draw upon a detailed patient-level costing data for the population of HAART clients in British Columbia (BC) throughout the HAART era in the interest of providing inputs for the development of more detailed cost functions to improve precision in economic modeling efforts, 12 which are of vital importance to inform resource allocation decisions to maximize the public health impact of treatment and prevention programs across the spectrum of infectious and chronic diseases. Our objective was to characterize the determinants of the direct costs of HAART, and estimate fitted values of the quarterly costs of antiretroviral therapy for individuals initiating therapy at different stages of the evolution of HAART.
METHODS

Study Population
We considered all individuals who had ever received antiretroviral treatment before September 30, 2011, as observed in the BC Centre for Excellence in HIV/AIDS (BC-CfE) HIV Drug Treatment Program database. Individuals were included in the analysis if at least one antiretroviral drug pharmacy dispensation was recorded in the database. We excluded individuals initiating treatment under 19 years of age, and those initiating treatment in other provinces (thus missing information on antiretroviral treatment regimen at initiation). The study cohort is followed in a unique environment characterized by universal free medical care, including free in-patient and out-patient care, laboratory monitoring, and antiretroviral drugs. The antiretroviral drugs are centrally distributed by the BC-CfE according to the BC-CfE's treatment guidelines, which have remained consistent with those put forward by the International AIDS Society since the summer of 1996 and until the guidelines released in 2010. 11 
Measures
The primary outcome of this study was the quarterly cost of dispensed antiretroviral treatment. Individual-level costs were estimated by summing the total amount of medications dispensed for consumption during each 3-month period from the point of HAART initiation in which medication was dispensed. The BC-CfE procures and distributes all antiretroviral medications for the treatment of HIV in the province of BC; unit costs of antiretroviral medications were drawn from financial records of purchase costs for the province. Total quarterly costs included the costs of pharmacy dispensation, and summed across all antiretroviral medications dispensed within the person-quarter. These quarterly costs excluded the cost of physician visits for prescription refills and were presented in 2010$CDN, adjusted using the Canadian consumer price index.
As determinants of the costs of HAART, we considered the effects of demographic indicators, clinical stage, and characteristics of treatment. Patient demographics included age and sex, ethnicity (Aboriginal status) and mode of transmission [history of injection drug use (IDU) or "other"]; demographic factors are commonly associated with disparities in levels of health resource utilization. [18] [19] [20] [21] Indicators of clinical stage included CD4 at treatment initiation, current CD4 cell count (including CD4 measurements within 6 mo of the earliest date in a given quarter), and the area under the pVL curve in the year of the quarterly observation. The latter specification was chosen as a measure of cumulative viral load, found to be a more sensitive indicator of disease severity. 22 As pVL and CD4 measures are known to have independent effects on AIDS-related illness and mortality, 23, 24 time-varying effects for each measure were included. The last observation of CD4 or pVL was carried forward in quarters with missing pVL or CD4 measures. Finally, treatment characteristics included past-year adherence and 8 mutually exclusive stratifications of current therapy type: (i) combination regimens featuring all nucleoside/nucleotide reverse transcriptase inhibitors (NRTI); (ii) those featuring non-nucleoside reverse transcriptase inhibitors (NNRTI); (ii) those featuring a single protease inhibitor (PI); (iv) those featuring a boosted PI; (v) those featuring a PI and NNRTI (PI+NNRTI); (vi) those featuring an integrase inhibitor and/or fusion inhibitor; (vii) multiple drug rescue therapy regimens (MDRT) with combinations of 5 or more antiretrovirals; and (viii) other antiretroviral combinations.
Statistical Analysis
Given the substantial changes in the clinical guidelines and subsequent prescribing practices, we stratified our cohort based on 4 distinct temporal periods of HAART initiation: pre-1996, 1996-1999, 2000-2003, and post-2003 . These categories distinguished pre-HAART era antiretroviral medication initiators; early-HAART era initiators (pre-2000), when IAS-USA guidelines for treatment initiation were less stringent (CD4 < 500) 1,2 ; and 2000-2003, when emerging data on drug resistance shifted HAART initiation to CD4 < 200. [7] [8] [9] [10] [11] These changes in clinical guidelines and practice resulted in observed differences in costs and their determinants within the dataset.
Statistical analysis then proceeded in 2 steps. First, multiple generalized linear mixed-effects regression models were considered to produce mean marginal costs of HAART on a quarterly basis for a range of client characteristics within the study time horizon. We used a modified Park test to assess the extent of heteroscedasticity and identify the appropriate distributional family. 25, 26 Generalized linear models with gamma distribution and log link are commonly used in econometric analyses of health care costs due to their asymptotic properties for non-negative outcomes. 27 However, nonzero quarterly medication costs may not feature the same distributional properties as, for instance, costs derived from counts of physician visits and days of inpatient care, thereby necessitating diagnostic testing to indicate the best modeling strategy given the outcome measure's distribution and variance. Mixed-effects regression models allow for the interindividual correlation in balanced or unbalanced repeated measures data. 28 Regression coefficients were presented in their natural units, as marginal effects of a one-unit change in the covariate on the quarterly costs of HAART. In addition, results were presented as least-squares means by CD4 category and over time, for each temporal stage, based on within-sample mean covariate values. All analyses were executed using SAS version 9.3.
RESULTS
The distributions of the initial antiretroviral regimens in the post-HAART era throughout the study period are presented in Figure S1 (Supplemental Digital Content). These histograms display the movement toward standardization of the initial treatment regimens over time. Whereas in the 1996-1999 period, there was wide variation in starting regimens, with the 3 most common regimens (AZT/3TC/NVP, 3TC/D4T/RTV/LPV, and 3TC/D4T) comprising roughly 30% of all cases. By 2008, the 2 most common regimens (EFV/TEN/FTC and RIT/TEN/ATV/ FTC) accounted for nearly 75% of all cases. On an aggregate, whereas PI-based regimens and NRTI regimens were predominantly prescribed from 1996 to 2000, NNRTIbased regimens and boosted PI-based regimens have since become the most commonly prescribed ( Figure S2 ).
Summary statistics of ART initiators stratified by the selected temporal groups are presented in Table 1 . Most notably, a higher proportion of females have initiated HAART from 1996 onward, from 9.1% before 1996, to 17.2% in 1996-1999 and 22.3% in 2000-2003. Initial CD4 counts also varied substantially between the study cohorts; specifically, a higher proportion of individuals had an initial CD4 count < 200 cells/mm 3 in later temporal periods (2004-2011: 41.8% vs. pre-1996: 24.4%). As a result of mortality and increasing HAART uptake over time, the total population of clients on HAART has evolved to feature a progressively smaller proportion of pre-HAART and early-HAART initiators (Fig. 1 ). However, it is important to note that in 2011 nearly 40% of the population of clients receiving HAART was initiated pre-1999, with 15% initiating treatment in the pre-HAART era.
The pre-1996 ART initiator cohort had a median of 41 (interquartile range: 14-59) observations per individual, whereas the 1996-1999 ART initiator cohort had 32 , the 2000-2003 ART initiator cohort had 32 , and the post-2003 ART initiator cohort had 11 (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) observations per individual.
Separate multivariate regression models were executed for each of the 4 cohorts defined by temporal period of HAART initiation. Modified Park tests were executed for each temporal cohort; in each case, results indicated a normal distribution provided the greatest model fit; we therefore proceeded with multiple linear mixed-effects regression models (equivalent to a generalized linear mixed-effects regression model with normal distribution and identity link function specified). Controlling for fixed and time-varying prognostic variables as well as indicators of treatment regimen type, patient demographics had an influence on quarterly drug costs. Among post-2003 ART initiators, known history of IDU and known aboriginal ethnicity were each associated with higher quarterly costs. Older age was negatively associated with quarterly costs among pre-1996 and 1996-1999 initiators, however not among post-2000 initiator cohorts ( Table 2) .
Within each cohort, quarterly ART costs increased over time but at a diminishing rate-indicated by positive coefficients on the linear, and negative coefficients on the quadratic time trend variables.
Intermediate indicators of HIV disease progression were independently associated with quarterly drug costs. Controlling for other factors, higher CD4 at ART initiation was associated with lower costs among recent (post-2004) initiators; however, this effect was diminished within cohorts with longer periods of follow-up. Conversely, higher current CD4 levels were consistently associated with lower quarterly drug costs; however, the effect diminished in cohorts with shorter durations of follow-up. In contrast, those with consistently low pVL over the previous 12-month period (indicated by AUC of pVL) had higher antiretroviral drug costs, independent of regimen type, treatment adherence, and CD4 cell count-a result that was consistent across all temporal cohorts. Finally, drug treatment regimen indicators had the largest independent effect magnitudes on the quarterly drug costs. NRTI-based regimens were the least costly, whereas the integrase inhibitor and/or fusion inhibitor and MDRTbased regimens were the most costly, at an increased cost of $1920 (2000) (2001) (2002) (2003) to $3572 (post-2003) per quarter in comparison with NRTI-based regimens, respectively.
Least-squares means of quarterly drug costs, evaluated in the 2010 calendar year, were presented by CD4 category in Table 3 . On the basis of the observed distributions of the additional covariates estimated in the model, drug costs were uniformly lower among later HAART initiators-$4674 (95% confidence interval: $4632, $4716) per person-quarter among pre-1996 initiators with CD4 > 500 versus $3740 ($3716, $3764) per person-quarter for post-2003 initiators.
The fitted values of these models, based on populationlevel covariate values for each temporal cohort throughout the study period, were presented in Figure 2 . It is important to note that those initiating treatment in the pre-HAART era incurred the highest quarterly treatment costs of any of the initiation cohorts, at $4403 per person-quarter in treatment in 2010. In each cohort, the direct costs of treatment increased over time. This increase was steepest and most pronounced for pre-HAART initiators; however, it is also observed in 
DISCUSSION
Our results demonstrate substantial heterogeneity in antiretroviral drug costs across individuals and over time. Recent HAART initiators incurred the lowest quarterly costs, which increased through 2006 and stabilized thereafter for those initiating treatment after 2003. Individuals initiating treatment in the pre-HAART era and continuing to receive treatment more recently incurred quarterly costs roughly 23% higher than recent HAART initiators. Within each of the HAART initiation-era cohorts, quarterly costs increased over time, reflecting the shift toward progressively more costly medication switches. The observed differences in the mean quarterly costs in a given calendar year are thus influenced by individual case-mix, according to clinical stage, and time since HAART initiation.
As the paradigm for HIV treatment shifts to account for both the individual and public health benefits of HAART, Analysis of HAART Costs in BC, Canada the reliance on economic forecasting has, and will continue to increase. 7, [29] [30] [31] [32] A recent review noted that most analyses forecasting the effect of "treatment as prevention" programs assume a uniform cost per patient, citing differences in factor prices and the scale and scope of operations as potentially influential factors. 12 Although these factors are fixed in BC due to centralized drug purchasing and standardized physician and pharmacy billing rates, our analysis suggests detailed cost functions for annual, population-level HAART costs should be developed according to the distribution of clients by clinical stage and era of HAART initiation. Our study thus demonstrates the importance of using a flexible cost function for current cost estimation, and subsequently for future projection in efforts to estimate the economic impact of HIV "treatment as prevention" initiatives, and is directly applicable to other chronic and infectious diseases. The relationships between CD4, pVL, and drug costs have not always been clearly understood and articulated in past analyses on the costs of health resource use among individuals with HIV, partly because these are commonly combined with the costs of inpatient and outpatient care. [18] [19] [20] Primary care and hospital-based care costs are unequivocally positively related to disease progression (measured as baseline, pre-ART CD4 cell count level), as later disease stage necessitates closer physician monitoring and carries a higher probability of inpatient care due to the occurrence of opportunistic infections, adverse drug reactions, and related medical complications. [20] [21] [22] [23] [24] [25] [26] [27] [28] 33 Our results demonstrate modest differences in HAART costs by CD4 stratum among early initiators, and primarily not statistically significant differences in quarterly costs among recent initiators. In a recent review of the published literature on direct costs of HIV, articles disaggregating the costs of HAART from inpatient and outpatient care (published between 1999 and 2007) showed an inverse relationship between costs and CD4 cell counts similar to those found among early initiators in our analysis. 34 In contrast, a more recent empirical study found little difference in annual HAART costs across CD4 strata among those accessing treatment, 21 a result reinforced by a study modeling the lifetime costs of early HAART initiators, which estimated stable treatment costs across CD4 cell count strata among recent initiators. 29 These results are consistent with those of the recent initiators in our study, and demonstrate a process pertaining to antiretroviral drug costs that is distinct from other health resource utilization patterns in HIV/AIDS. Furthermore, we found that the effect of disease progression on quarterly drug costs is somewhat more nuanced given the variable course of the intermediate outcomes used to measure progression. In this study, individuals with sustained virologic suppression tended to have higher treatment costs, controlling for other factors, including CD4 count. High CD4 counts may be indicative of early stages of disease progression, whereas sustained pVL suppression (and thus low pVL AUC values) may be obtained at any stage of disease progression, with aggressive treatment (often requiring switches to more costly regimens) to achieve and sustain suppression.
The increases in the costs of HAART over time have been driven by the introduction of more effective, safer, and better tolerated medications; medication switches as a result of drug resistance or intolerance in the course of disease progression (most evident in pre-HAART initiators with longer duration of follow-up); and new and more effective therapeutic options for multidrug resistance. Given the availability of new, more effective treatment regimens (resulting in longer delays, or entirely averted therapeutic switches resulting from developed resistance), increasing numbers of generic antiretroviral formulations, 30 and the natural evolution of the HIV-positive population in treatment, it may be plausible to expect annual per-patient costs of drug treatment to plateau and even decline in future years in BC. The rate of change, however, is likely to differ substantially across jurisdictions, and will rely heavily on local factor costs, prescribing practices, and the stage of the HIV epidemic itself. These considerations must be taken into account when projecting localized costs of antiretroviral treatment scale-up.
Figures S1 and S2 indicate variation from evidencebased standards of care according to IAS-USA guidelines in the early-HAART era, with considerable subsequent movement toward standardization. Specifically, triple therapy with 2 NRTIs and 1 PI was a recommended practice through 2000, 1, 31, 32 yet by 2000 only 40% of prescribed regimens were NRTI or PI/boosted PI based. The proliferation of pharmacological regimens used in 2000 was in accordance to changes in the contemporary guidelines. 7, 35 Since 2004, NNRTI-based and boosted-PI-based regimens became the preferred options. [8] [9] [10] [11] Boosted-PI and NNRTI-based regimens comprised nearly 80% of all prescribed regimens in 2011; along with improving rates of early detection (CD4 > 500), HAART uptake, and viral suppression, 36, 37 this, further demonstrates increasing uptake of evidence-based standards of HIV care in BC.
This analysis featured several limitations. First, while the study was based on a population-level registry of antiretroviral treatment dispensation, initiated in 1992 (in the pre-HAART era), given the characteristics of clients, the nature of the HIV epidemic in BC, health care delivery policies, and the current and historical factor prices, caution must be exercised in applying these estimates to other settings. If sufficient data are not available, extrapolation using the regression models, and based on localized population and policy conditions, with some adjustment for differential factor prices, may reduce bias. Second, current CD4 and pVL measurements were not always available in all time periods where treatment was delivered. CD4 markers have been noted to exhibit considerable variability as a result of intraperson temporal fluctuation, for example diurnal variation, as well as from measurement error introduced by the process of blood collection or the method of collection (flow cytometry and PCR) itself. 38 Although lagged measurements were used to maximize the use of available data in the multivariate models, missing, or nonrepresentative measures likely attenuated the effect of disease course on quarterly drug costs. Baseline pVL measures were not available for early HAART initiators, as the pVL test only became available in BC in June of 1996 15 ; therefore this covariate was excluded from all regression models, though its inclusion in the post-1996 models had no meaningful effect on covariate or least-square means estimates (results not presented). Furthermore, self-reported indicators of the history of IDU and aboriginal ethnicity had high levels of missing data, likely to be nondifferential, resulting in coefficient estimate attenuated toward the null hypothesis. Efforts to improve data quality on these critical indicators by triangulation with provincial registries and administrative databases are currently underway. Finally, like all nonexperimental studies, our coefficient estimates may have been subject to some degree of bias as a result of unmeasured confounding factors. 39 To conclude, this analysis has highlighted the magnitude and dimensions of variations in the direct costs of antiretroviral therapy over time and by disease stage. Population-level mean HAART costs increased through 2006 and stabilized thereafter. Post-2003 treatment initiators incurred HAART costs up to 23% lower than pre-2000 initiators in 2010. These factors are cause for careful consideration of estimates of medication costs in economic models to project the costs of HAART scale-up in HIV "treatment as prevention" programs.
